BACKGROUND/OBJECTIVES: Evidence on the association between fatty acids and adiponectin and leptin concentrations is scarce and inconsistent, which may in part be due to limitations of dietary reporting methods. We aimed to estimate the association of fatty acids, derived from a food frequency questionnaire (FFQ) and measured in the erythrocyte membrane, with adiponectin and leptin concentrations. SUBJECTS/METHODS: We studied 330 non-institutionalized inhabitants of Porto (52.4% women; age range: 26-64 years) evaluated in 2010-2011, as part of the EPIPorto cohort study. Fatty acids were derived from a validated semiquantitative FFQ and measured in the erythrocyte membrane by gas chromatography. Serum concentrations of adiponectin and leptin were determined through radioimmunoassay. Regression coefficients (β) and 95% confidence intervals (95% CI) were obtained from linear regression models, after controlling for gender, age, education, leisure time physical activity and total body fat percentage (obtained from dual energy X-ray absorptiometry). RESULTS: Fatty acids measured by FFQ showed no significant associations with both adipokines. Lauric and linoleic acids, measured in the erythrocyte membrane, were significantly and positively associated with adiponectin (β = 0.292, 95% CI: 0.168-0.416; β = 0.150, 95% CI: 0.020-0.280) and leptin (β = 0.071, 95% CI: 0.003-0.138; β = 0.071, 95% CI: 0.002-0.140), whereas total n-3, eicosapentaenoic and docosahexaenoic acids were significantly but negatively associated with adiponectin (β = − 0.289, 95% CI: − 0.420 to − 0.159; β = − 0.174, 95% CI − 0.307 to − 0.040; β = − 0.253, 95% CI − 0.383 to − 0.124) and leptin (β = − 0.151, 95% CI: − 0.220 to − 0.083; β = − 0.080, 95% CI: − 0.151 to − 0.009; β = − 0.146, 95% CI: − 0.214 to − 0.078). Positive significant associations of palmitic and trans-fatty acids with adiponectin were also observed. CONCLUSIONS: A positive association of lauric and linoleic acids and a negative association of total n-3 fatty acids with both adipokines were observed only with fatty acids measured in the erythrocyte membrane.
INTRODUCTION
Increasing interest has been addressed to the cardiometabolic effects of adiponectin and leptin, with anti-and proinflammatory properties, respectively.
1 Meta-analyses of prospective studies have suggested inverse associations of adiponectin and positive associations of leptin with coronary heart disease, but these associations were more modest than previously suspected. 2, 3 Evidence on the association between the fatty acid composition of diet and adiponectin and leptin concentrations is scarce and inconclusive. Most studies have reported null associations between the intake of different subclasses of fatty acids, estimated by food frequency questionnaire (FFQ) or diet history questionnaire, and these adipokines. [4] [5] [6] [7] [8] However, a recent study has suggested an inverse association of dietary monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), n-3 and n-6 fatty acids, derived from FFQ, with adiponectin. 9 These studies were based on fat estimates derived from dietary reporting methods, which are prone to several limitations, including the reliance on accurate memories, on the willingness and ability to report dietary details and also on the awareness of fat intake. Nutrient databases may also not appropriately reflect temporal changes in food composition. 10 To overcome these weaknesses, fatty acids can be objectively measured in various tissues and blood lipid pools, such as adipose tissue, erythrocytes, plasma and serum, as free fatty acids or components of phospholipids, cholesterol esters or triglycerides. 11 Only two studies have examined the association of biomarkers of dietary fatty acids with adiponectin and leptin concentrations. One study in a German population found a positive association between the erythrocyte-membrane phospholipid linoleic acid and adiponectin concentrations. 12 Another study in a Swedish population found that the sum of pentadecanoic and heptadecanoic acids in serum phospholipids was negatively correlated with leptin, although the magnitude of the correlation was poor. 13 Further studies using objective measures of fatty acids could help to clarify the contradictory findings observed in studies using fatty acid estimates derived from dietary reporting methods.
Therefore, the objective of this study was to estimate the association of fatty acids with adiponectin and leptin concentrations by using two different measures of fatty acids-derived from a FFQ and measured in the erythrocyte membrane.
SUBJECTS AND METHODS

Study participants
From 1999 to 2003, the EPIPorto study-a prospective cohort of noninstitutionalized inhabitants of Porto, Portugal-recruited a total of 2485 participants by random digit dialling, using households as sample units and then by simple random sampling of permanent residents aged ⩾ 18 years. Refusals were not substituted and the participation rate was 70%. 14 A re-evaluation of 417 participants aged ⩽ 64 years was carried out between 2010 and 2011. The selection of these participants was random and weighted for gender and age distribution of the Porto population. 15 Of this subsample of EPIPorto participants, we excluded those without fasting blood samples drawn (n = 6), data on fatty acid concentration in the erythrocyte membrane (n = 17) and data on selected confounders (n = 16). Potential outliers for fatty acid intake and erythrocyte-membrane composition (±3 × interquartile range of the fatty acids distribution, n = 48) were also excluded, yielding a total of 330 participants (173 women and157 men), aged 26-64 years. For adiponectin analysis, 18 individuals without measurements were further excluded, leaving a total of 312 participants (158 women and 154 men).
Data collection
Sociodemographic and behavioural characteristics. Data on sociodemographic and behavioural characteristics were collected by trained interviewers using a structured questionnaire. Age and education, as completed years of schooling, were recorded. Leisure time physical activity energy expenditure was evaluated using a set of questions exploring intensity and frequency of all leisure time activities, and was quantified in standard metabolic equivalents (MET × h per day). 16 Dual energy X-ray absorptiometry. Whole-body scans were performed for body composition analysis (QDR 4500A; Hologic, Bedford, MA, USA). A single dual energy X-ray absorptiometry operator conducted all dual energy X-ray absorptiometry scans. Total body fat percentage was calculated as total fat mass (g) divided by total body mass (g).
Fatty acid measurement. The following fatty acids were derived from a FFQ and measured in the erythrocyte membrane and therefore were included in analyses: saturated fatty acids (SFA), lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), stearic acid (18:0), MUFA, PUFA, total n-3 PUFA, α-linolenic acid (18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic acid (DHA, 22:6n-3), total n-6 PUFA, linoleic acid (18:2n-6), arachidonic acid (20:4n-6) and trans-fatty acids (TFA).
Dietary intake: Dietary intake during the previous year was estimated based on a 86-item semiquantitative FFQ that was previously validated by comparison with four 7-day food records (each one in a different season of the year) and with a sample of subcutaneous adipose tissue. 17, 18 For all food and beverage items, participants were asked to report the frequency of consumption on a 9-point scale ranging from never to six or more times per day, and also to indicate the portion size consumed based on a photograph manual with three portion sizes (small, medium and large). Any foods or beverages that were not included in the FFQ list but were consumed regularly (at least once a week) were listed in an open section. Fatty acid intake was calculated from the frequency of consumption and portion size data by using the software Food Processor Plus (version 7.2, 1997; ESHA Research, Salem, OR, USA), which has been adapted to Portuguese foods and drinks. For each food item, total SFA, MUFA and PUFA correspond to the sum of all or part of these fatty acids :1n-7, 17:1n-7, 18:1n-9, 20:1n-11, 22:1n-9, 24:1n-9 (for MUFA) and 18:2n-6, 18:3n-3, 18:4n-3, 20:3n-3, 20:4n-6, 20:5n-3, 22:5n-3, 22:6n-3 (for PUFA). Omega 3 fatty acids are the sum of 18:3n-3, 20:5n-3 and 22:6n-3, whereas omega 6 fatty acids are the sum of 18:2n-6 and 20:4n-6. Each fatty acid was expressed as a percentage of total fat intake to be comparable with erythrocyte-membrane measurements.
Erythrocyte membrane: Blood samples were collected after a 12-h overnight fast and were analysed in duplicate on non-consecutive days. Blood (2 × 1 ml) was immediately washed with NaCl (0.9%) solution, and then centrifuged (500 g, room temperature). After removal of the plasma and buffy coat, the packed red blood cells were reconstituted with an equivalent volume of the same NaCl solution and preserved at − 18°C. Upon analysis, samples were stored at room temperature and an aliquot of them was mixed with an equivalent amount of cold water for haemolysis. After 2 min, samples were centrifuged (17 000 g, 4°C) and the supernatant was removed. The process was repeated two or three times until a clear supernatant was obtained. The pellet is mainly composed of erythrocyte membranes, but the presence of minor leukocyte remains cannot be excluded, slightly influencing their fatty acid composition. The pellet was transferred to a derivatization vial. Derivatization was performed directly on the washed erythrocyte cells, in accordance with Bicalho et al., 19 with minor modifications in accordance with Rodrıguez-Palmero et al. 20 Briefly, 2 ml of methanol:dichloromethane (3:1) were added to the pellet, followed by 200 μl of cold acetyl chloride (Fluka, St Louis, MO, USA). Transesterification was performed in closed vials at 80°C during 60 min. After cooling, the fatty acid methyl esters were extracted with n-hexane (2 ml), two times. The collected n-hexane phases were combined and washed with an equivalent volume of acetonitrile. The extract was taken to dryness under a nitrogen stream (60°C) and reconstituted with dichloromethane. For gas chromatography, a Chrompack CP-9001 (Varian, The Netherlands) was used, with flame ionization detection. Separation was performed on a CPSil 88 FAME column (50 m × 0.25 mm I.D. 0.2 μm film; Varian, The Netherlands). Automatic injection was performed using a CP-9050 autosampler (Middleberg, The Netherlands). The injection volume was 1.2 μl, two times per extract, in the splitless mode. The oven temperature was programmed to increase from 140 to 220°C, with helium (1 ml/min) as carrier gas. Quantification was performed on the basis of the peaks areas between lauric and DHA peaks, after calibration of the flame ionization detection response with a standard FAME mixture (Supelco-37 FAME mix, Bellefont, PA, USA). Total SFA, MUFA, n-3 PUFA, n-6 PUFA, PUFA and TFA were obtained summing the following individual fatty acids: SFA (12:0; 14:0; 15:0; 16:0; 17:0; 18:0; 20:0; 22:0; 24:0), MUFA (14:1n-5; 15:1n-5; 16:1n-7 +n-9; 17:1n-7; 18:1n-7+n-9; 20:1n-9; 24:1n-9), n-6 PUFA (18:2n-6; 18:3n-6; 20:2n-6; 20:3n-6; 20:4n-6; 22:2n-6; 22:4n-6; 22:5n-6), n-3 PUFA (18:3n-3; 20:3n-3; 20:5n-3; 22:5n-3; 22:6n-3), PUFA (n-6 PUFA; n-3 PUFA) and TFA (all 18:1 and 18:2 trans isomers). The mean of the four erythrocyte-membrane measurements was calculated and used in the analyses.
Serum adiponectin and leptin assessment. Adiponectin and leptin concentrations were measured by radioimmunoassay using a commercial kit (Linco Research, St Charles, MO, USA) in serum samples previously stored at − 80°C. For adiponectin and leptin, the inter-and intra-assay coefficients of variation were lower than 10%.
Ethical considerations
The EPIPorto study protocol was approved by the Local Ethics Committee (São João Hospital) and is in accordance to the Declaration of Helsinki Principles. All participants signed an informed written consent form before participation.
Statistical analysis
Characteristics of study participants were summarized by using the median (25th-75th percentile) for continuous variables and frequencies for categorical variables. Fatty acid intake and composition in the erythrocyte membrane were summarized by using mean (s.d.).
Crude and partial Pearson's correlation coefficients adjusted for age, body mass index and total energy intake were calculated to measure the strength of the linear association between the fatty acid estimates derived from the FFQ and measured in the erythrocyte membrane. To adjust for random within-person variation in FFQ, deattenuated Pearson's correlation coefficients were calculated according to the following equation:
, in which λ x is the ratio of the withinand between-person variances for x, and n x is the number of replicates for the x variable. 21 In this study, n x is equal to the number of FFQ (i.e. n = 2). For straight comparisons, fatty acids estimates were standardized and z-scores calculated for each fatty acid were included within models. We used log-transformed adiponectin and leptin concentrations to conform to the normal distribution and be able to apply linear regression analyses. Consequently, linear regression models were estimated to test the associations of fatty acids (derived from the FFQ and measured in the erythrocyte membrane) with adiponectin and leptin. Owing to a potential colinearity effect between fatty acids, they were entered separately into each model. Two models were presented: an unadjusted model and a model adjusted for gender (categorical variable), age, education, leisure time physical activity and total body fat percentage (continuous variables) that were the variables significantly associated with adiponectin and leptin in univariate analyses (Po0.10). Analyses were not stratified by gender, menopausal status or body mass index because there were no significant Fat from diet and erythrocytes with adipokines S Santos et al interactions between any of the fatty acids and these variables in the association with adiponectin and leptin concentrations (evaluated through the inclusion of interaction terms in the regression models).
Results from the linear regression models were presented as regression coefficients (β) and the respective 95% confidence intervals (95% CI), representing the change in log-transformed outcome variables for each standard deviation increase of the percentage of the fatty acid considered.
All statistical analyses were performed using SPSS 18.0 software (SPSS Inc. 2004, Chicago, IL, USA).
RESULTS
Characteristics of study participants are shown in Table 1 . Participants presented a median age of 50.0 years old, completed a median of 12.0 years of education, reported a median leisure time physical activity energy expenditure of 4.6 MET × h per day and had a median total body fat percentage of 33.2%. The median adiponectin and leptin concentrations were 5.2 μg/ml and 15.5 ng/ml, respectively. Table 2 presents the mean values of fatty acids derived by FFQ and measured in the erythrocyte membrane, as well as the crude and partial Pearson's correlation coefficients between both methods. Overall, the crude correlation coefficients were weak, ranging from close to 0 (lauric acid) to 0.33 (EPA). There were no substantial differences between the crude and partial correlation coefficients.
The linear associations of fatty acids derived from the FFQ and measured in the erythrocyte membrane with serum concentrations of adiponectin and leptin are presented in Tables 3 and 4 
DISCUSSION
In this study, we found that increased concentrations of lauric and linoleic acids in the erythrocyte membrane were associated with increased adiponectin and leptin serum concentrations. For total n-3 fatty acids, EPA and DHA measured in the erythrocyte membrane, inverse associations with both adipokines were observed. Lastly, increased concentrations of palmitic acid and TFA in the erythrocyte membrane were associated with increased adiponectin serum concentrations.
Although not completely understood, the effects of fatty acids on adipokines seem to be mediated by the nuclear receptor peroxisome proliferator-activated receptor-γ (PPAR-γ). Pharmacologic activation with PPAR-γ agonists leads to increased plasma adiponectin 22, 23 and decreased plasma leptin concentrations. 24 Besides synthetic compounds, PPAR ligands comprise natural compounds, including fatty acids and eicosanoids. 25, 26 Total n-3 PUFA and their metabolites are thought to bind and activate PPAR-γ, 27 explaining the decline in leptin concentrations but contradicting the decline also observed in our study for adiponectin concentrations. A biologically plausible explanation for our findings could be related to the well-established insulinsensitizing and anti-inflammatory properties of n-3 fatty acids, 28 thus compensating for the effects of adiponectin and decreasing its demand or requirement. Declines in adiponectin concentrations have also been found in two studies evaluating intake of total n-3 fatty acids 9 or of diets rich in these fatty acids. 29 In accordance with our results, a previous study in middle-aged German women and men found a positive association between erythrocyte-membrane phospholipid linoleic acid and adiponectin concentrations. 12 The activation of PPAR-γ by linoleic acid derivatives could explain these results. 27 Moreover, recent findings suggest that linoleic acid is involved in both pro-and anti-inflammatory signalling pathways, 30 which accords with the concomitant increase of adiponectin and leptin concentrations by this fatty acid in our study. The enhanced inflammation (reactive oxygen species, cytokines) caused by some linoleic acid derivatives could be a possible pathway for the increase of leptin concentrations. For instance, earlier studies have shown that tumour necrosis factor-α increases both leptin gene expression and leptin secretion in white adipose tissue and in 3T3-L1 adipocytes, whereas leptin mRNA levels have been reported to be lower in tumour necrosis factor-α-deficient mice. [31] [32] [33] The increase of leptin concentrations by lauric acid in our study could be attributed to the inhibition of PPAR-γ by this fatty acid. In fact, dietary SFA and TFA decrease the levels of arachidonic acid (the precursor for the PPAR-γ ligands) in adipocyte plasma membrane phospholipids. 34 Also, SFA could be involved in a possible impairment in ligand-dependent activity of PPAR-γ and TFA in the downregulation of this nuclear receptor. 35 Taking these biological mechanisms into account, the increase of adiponectin by lauric, palmitic and TFA was not expected, which suggests that yet unknown mechanisms could be involved.
To the best of our knowledge, this is the first study to compare, in the same population, the association of fatty acids, obtained by two different methods (FFQ and measured in the erythrocyte membrane), with both adiponectin and leptin concentrations. Overall, we observed stronger associations when fatty acids measured in the erythrocyte membrane were used compared with those derived from the FFQ, although the direction of the associations tends to be the same. Similarly, most previous studies [4] [5] [6] [7] [8] were unable to detect significant associations between fatty acids, estimated by dietary reporting methods, and these adipokines.
The measurement of fatty acids in the erythrocyte membrane might be useful to study their associations with adipokines, but has revealed a poor indicator of fatty acids intake. In fact, our correlations between fatty acids derived from the FFQ and Table 3 . Linear associations of fatty acids derived from the FFQ and measured in the erythrocyte membrane with adiponectin concentrations Fat from diet and erythrocytes with adipokines S Santos et al measured in the erythrocyte membrane were in general weak, which could be explained by several reasons. First, fatty acids concentrations in tissues or blood lipid pools are affected by nondietary factors, such as absorption, transport, uptake in target tissues, metabolism from storage sites and excretion, as well as by genetic and lifestyle factors. 36 Therefore, individuals with the same fatty acids intake may not have the same concentration of fatty acids in tissues or blood lipid pools. Second, although previously suggested that fatty acids measured in the erythrocyte membrane may reflect a time frame of dietary intake of approximately 120 days, 11 a recent study has shown that changes in fatty acids composition follow a similar time course in plasma, erythrocytes and platelets (of approximately 2 weeks), in particular for SFA and n-6 PUFA. 37 As our FFQ covers dietary intake during the previous year, the shorter time period of dietary intake reflected by this specimen could have contributed, at some extent, to the weak correlations observed in our study. Third, it should be noted that membrane lipids differ from storage lipids in that they contain a high proportion of long-chain polyunsaturated fatty acids and rarely include triglycerides. 11 This requirement of specific fatty acids for membrane integrity and adequate function could have contributed to the differences observed with fatty acids intake. Lastly, these differences could also have been enlarged by measurement errors in fatty acids intake reports. Deattenuated Pearson's correlation coefficients were calculated for total SFA (r = 0.400), MUFA (r = 0.353), PUFA (r = − 0.107) and TFA (r = 0.377), which showed that even after correction for the effects of measurement errors of the FFQ and erythrocyte-membrane analysis, the magnitude of the correlations remained weak.
The present study has some strengths and limitations that should be discussed. Our study is a population-based study that compared with Porto population has a similar gender distribution (women: 52.4% in our sample vs 53.8% in Porto population), but has a higher proportion of middle-aged participants (40-64 years: 77.9% in our sample vs 61.6% in Porto population). Although the sample representativeness could not be completely assured (external validity could be compromised), this fact does not seem to affect the internal validity of our results. Owing to the cross-sectional nature of our findings, the temporal sequence of the reported associations cannot be completely established. Nonetheless, reverse causality seems unlikely to affect our results. Because our sample size was relatively small, statistical power may have been insufficient to allow the detection of significant associations, particularly when less precise exposures, such as those derived from the FFQ, are considered. Moreover, given the large number of comparisons made in the present study, some of our statistically significant findings may have been due to chance alone. However, the direction of the associations was reasonably consistent across both methods of fatty acids assessment, which supports our findings. An inherent limitation of using fatty acids biomarkers is that fatty acids are expressed as relative amounts and thus are interdependent. Also, our erythrocyte-membrane fraction under analysis might not be completely depleted from leukocyte contamination, with known compositional differences and dietary-induced responses. 38 Total SFA, MUFA, PUFA, n-3 PUFA, n-6 PUFA and TFA obtained from both methods may not be directly comparable as the individual fatty acids that contribute to the total are not exactly the same, which could be pointed out as another limitation. Lastly, the total number of fatty acids derived from the FFQ and measured in the erythrocyte membrane was different, and therefore the fatty acids estimates, expressed as a percentage of total fat, may not be directly comparable between both methods. However, those fatty acids that we were able to compare directly comprised more than 90% of the total fatty acids in both methods and included the major fatty acids of interest.
CONCLUSIONS
Lauric and linoleic acids, measured in the erythrocyte membrane, were positively associated with both adiponectin and leptin, whereas n-3 fatty acids, particularly EPA and DHA, had a negative association. Fatty acids measured by FFQ showed no significant associations with adiponectin and leptin concentrations.
When studying associations between fatty acids and adipokines, objective fatty acid measurements from erythrocyte membranes may be more useful than fatty acid estimates derived from FFQs. 
